to some extent may limit the degree of CAM it can employ (Heyduk et al., 2016) . Clones of all 1 0 2 three species ( Supplemental Table S1 ) were grown in a common garden setting under both well- As described in previous work, Y. aloifolia conducts atmospheric CO 2 fixation at night photosynthesis under drought stress (Fig. 1B) . Gas exchange and titratable acidity measurements photosynthetic pathway. In all three Yuccas, PEPC, its kinase PPCK ( Fig. 3A and B) , as well as 1 4 7 decarboxylating enzymes NAD/P-me, PPDK and, PEPCK showed time-structured expression 1 4 8 (Supplemental Figure S2 ). PEPC and PPCK ( Fig. 3A and B ) exhibited time-structured 1 4 9 expression in all three species, though they were only differentially expressed between well-1 5 0 watered and droughted treatments in Y. gloriosa. PEPC expression in Yucca peaks in the 1 5 1 afternoon, much before the peak of PPCK. Expression of PEPC in Y. filamentosa was much 1 5 2 lower in terms of TPM (transcripts per kilobase million), but had the same temporal pattern as 1 5 3 both Y. aloifolia and Y. gloriosa (well-watered: F (12,42) = 1.38, p < 0.212; drought: F (12,42) =0.53, p 1 5 4 < 0.866). In all 3 species, PPCK was most highly expressed at night, consistent with its role in 1 5 5 activating PEPC for dark carboxylation, and showed no difference in temporal expression across 1 5 6 species (well-watered: F (12,42) = 0.85, p < 0.605; drought: F (12, 42) =1.21, p < 0.309). Carbonic anhydrase (CA), involved in conversion of CO 2 to HCO3-, had only 3 transcripts that were 1 5 8 temporally structured in their expression in Y. aloifolia; two α -CA and one γ . In none of these 1 5 9
cases did expression increase at night as might be expected (Supplemental Figure S3 ). the greatest number of gene connections to PEPC, despite similar numbers of nodes in both Y. Of the 214 metabolites that were present in at least 25% of samples, 87 had a significant 1 7 6 fit to a polynomial regression line ( Fig. 4) , with 16 having significant differences in either 1 7 7 abundance or temporal regulation between the Y. aloifolia and Y. filamentosa (R 2 >0.5) 1 7 8
( Supplemental Table S4 ). Starch degradation is one possible route CAM plants can use for the Another class of metabolites with large differences between Y. aloifolia and Y. filamentosa were those involved in reactive oxygen species (ROS) scavenging pathways. Vitamin C, or ascorbic acid, was present at much higher levels in Y. aloifolia (Fig. 7A ), as was 2 2 5 the oxidized form dehydroascorbic acid ( Fig. 7B ). Neither had a temporal expression pattern, work has implicated increases in ascorbic acid as a method for CAM plants to remove ROS (GLDH) does not seem to differ between the two parental Yucca species either, based on gene 2 3 2 expression ( Fig. 7C ). Alternatively ROS might be produced from daytime activities, however a means of protection from oxidative stress (Kozaki and Takeba, 1996) . Kinetic modeling of gloriosa relative to the CAM species ( Fig. 7F ). Metabolites that take part in photorespiration, 2 4 5 including glycine and serine, peak in the day period in C 3 Y. filamentosa, and are generally much to reduce ROS stress. labelled substrates has shown that C 3 plants can store organic acids at night to fuel daytime 2 5 7 amino acid synthesis, and that a portion of the stored organic acids are decarboxylated during the 2 5 8
day (Gauthier et al., 2010; Szecowka et al., 2013) . This implies that the evolution of CAM just 2 5 9 required increasing the flux capacity of existing nocturnal CO 2 uptake and day/night turnover of 2 6 0 organic acids in C 3 plants, without the need for extensive re-wiring or diel rescheduling of flux 2 6 1 capacity (Bräutigam et al., 2017) . This concept is consistent with the notion that CAM may be 2 6 2 described as a continuum or spectrum, with full CAM at one end, C 3 at the other, and various 2 6 3 intermediate forms between (Winter et al., 2015) . Further support for this 'CAM continuum' is Expression of carbonic anhydrases, which are thought to be required for conversion of 2 6 8 CO 2 to HCO 3 for carboxylation of PEP via PEPC, were heavily skewed toward the morning for 2 6 9 both α -CA and β -CA types in all three species; although this gene expression pattern is not 2 7 0 consistent with expected nocturnal requirements for CA, it is possible transcription and 2 7 1 translation are separated by hours, or that CA proteins are able to subsist in the cell for long family has highest expression just after lights turned on, though notably not in the CAM Y. nocturnal fixation of CO 2 in the hybrid increases under drought stress. PEPC is likely to be regulated by a few genes expressed at the same time (afternoon), rather than function and response to drought stress between the three species, with the greatest number of 3 0 0 connections occurring in the hybrid Y. gloriosa (Table 1 ). The hybrid also had the largest number 3 0 1 of those connections responding to drought stress via differential expression, suggesting 3 0 2 increased lability in the hybrid in general, and specifically with PEPC response to drought. Soluble sugars, such as glucose, fructose, and sucrose, can serve as an alternative source difference in concentrations of these hexoses in C 3 and CAM Yucca remains to be investigated. Similarly, studies to describe the parental C 3 and CAM species metabolomes behave under 3 5 8
drought stress, as well as the metabolic profile of the C 3 -CAM Yucca hybrid, will provide a 3 5 9
greater understanding for the links between metabolites, carbon metabolism, and photosynthesis. Previous work in Agave discovered high levels of ascorbate and NADH activity relative to C 3 Arabidopsis, and was thought to be due to increases in mitochondrial activity at night in levels of ascorbic acid and dehydroascorbic acid relative to its C 3 sister species, but gene 3 6 5 expression of GLDH, which is responsible for production of ascorbic acid, is not much different 1 8
and CAM Yucca does imply differential need for antioxidant response between the two species.
3 6 8
Respiration rates might be expected to be higher in CAM species at night to sustain the active work discerning ROS production and mitigation -particularly in the hybrid Y. gloriosa -will 3 8 0 inform understanding of the role of ROS scavenging and its impact on photosynthetic functions. geographic locality information in Supplemental Table S1 . Briefly, clones of the three species of 4 0 8
Yucca were acclimated to growth chambers with a day/night temperature of 30/17ºC and 30% 4 0 9 humidity in ~3L pots filled with a 60:40 mix of soil:sand. One clone was kept well-watered for 4 1 0 10 days while the second clone was subjected to drought stress via dry down beginning after the 4 1 1 end of day 1. Clones of a genotype were randomly assigned to watered and drought treatment. On the 7 th day of the experiment, after plants had water withheld for the five previous days, RNA million pairs of reads per species for assembly. This prevented erroneous reads from piling up to regression models and fit were re-calculated. Genes with significant treatment effects can either 5 0 0 have a) different regression coefficients for the two treatments or b) different intercepts (i.e., 5 0 1 magnitude of expression) between the two treatments. To cluster transcripts with similar profiles, 5 0 2
we employed fuzzy clustering via the "mfuzz" option in maSigPro. The clustering steps require a 5 0 3 user-defined value for k number of clusters. We assessed the optimal number of clusters for each where the plot has a bend or elbow, typically just before the group sum of squares levels off for 5 0 6
higher values of k. A k of 9, 12, and 15 was used for Y. aloifolia, Y. gloriosa, and Y. filamentosa, 5 0 7
respectively. To estimate m, the "fuzzification parameter" for fuzzy clustering, we employed the By default, the clustering steps in maSigPro are run on genes that are not only significant 5 1 1 with regards to temporal expression (non-flat profiles across time), but also only on the subset of 5 1 2 genes that are significantly different between treatments. We modified the code for the whether they showed a significant change in expression as a result of drought stress. Afterwards, 5 1 5
we found transcripts that were significantly different between treatments with an R-squared cut 5 1 6 off of 0.7. The modified code for the see.genes() function, as well as detailed guide to the steps 5 1 7
taken for this analysis, are available at www.github.com/kheyduk/RNAseq.
1 8
For genes of interest, additional tests were done to assess whether species differed 5 1 9 significantly in their temporal pattern of expression. Because count data cannot be accurately 5 2 0 compared between species, we instead used TPM values. For each gene family of interest, we 5 2 1 selected a single transcript per species, typically one that was highest expressed and had time- a factor. Using ANOVA, we compared the fits of the two models. For genes that had a 5 2 7 significantly better fit when species was treated as a factor, we report the t-statistic and p-value for the species that had a significant coefficient.
2 9
Networks were constructed for PEPC and "anti-PEPC" clusters -those that had the having a large hub circle representation.
3 8
Gene annotation and gene tree estimation 5 3 9
All transcripts were first annotated by their membership in gene families; gene family 5 4 0
annotations were based on the Arabidopsis sequences that belong to the gene family, using Tissue for metabolic analysis was harvested in a separate growth chamber experiment their best library match (>0.5) and then by raw peak area (>1000). Filtered metabolite peak areas 5 7 3
were then normalized based on adonitol peak areas. Standard curves were run for ascorbate, (Supplemental Figure S5 ). Supplemental Figure S1 -Gas exchange data for metabolomics samples. Supplemental Table S3 -Differentially expressed transcription factors Supplemental Table S4 -Significantly different metabolites between C 3 and CAM Yucca. 
